The lateral saphenous vein of the dog was perfused with homologous blood at constant-flow. Changes in perfusion pressure were used to measure active changes in venous tone. Cooling of the perfusate caused the vein to constrict and warming to relax. Most of the change occurred over the temperature range of 27° to 42°C. The powerful venoconstrictor response to cooling depended on intact sympathetic nerves, since it was reduced by lumbar sympathectomy and largely abolished by alpha-receptor or ganglionic blockade. The response was confined to the vein being cooled. By comparison, cooling the body core when the temperature of the blood in the vein was 37 °C caused a generalized constriction of the superficial limb veins. These responses were impaired by anesthetic agents (for example, pentobarbital), by generalized hypoxia, and by arterial hypotension. The data indicate a role for the cutaneous veins in temperature regulation. In the cold, the venous return is directed preferentially to the venae comitantes for heat preservation through countercurrent exchange with the arteries, and in warmth to the superficial veins for heat dissipation.
• In 1921 Donegan's observations in cats, dogs, and rabbits led him to suggest that constriction of the superficial limb veins in response to cold was mediated by the autonomic nervous system, and that it could be initiated by both peripheral and central coolfog(l).
Since that time, the effect of temperature on the peripheral circulation has received much attention, but responses to heating or cooling have nearly always been measured in terms of regional blood flow, and there is little information on the influence of cold and heat on venomotor activity.
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sponse to lumbar sympathetic stimulation, but once it passes into the popliteal fossa and receives branches draining muscle it ceases to react (2) . This suggested that the distal reactive part of the vein might possess a thermoregulatory function; therefore its response to changes in temperature of the blood flowing through it was examined.
Methods
Single Hindlimb Vein Perfusion.-Dogs were anesthetized with thiopental and chloralose, 80 mg/kg, paralyzed with gallamine triethiodide (Flaxedil, Davis and Geek, Danbury, Conn.), and ventilated with oxygen. The right lateral saphenous vein was cannulated at the ankle and, by means of a roller pump, perfused at constant flow (100 ml/min) with blood from the median sacral artery. A heat exchanger was placed in the circuit, and perfusion a r te r y.Ahe a te xc ha nge r wa s pla c e da nd femoral vein pressures were measured. During experiments the right common iliac artery was occluded. Previous analysis of the method (2) has shown that any change in the difference between perfusion (or inflow) pressure and femoral vein (or outflow) pressure is due to a change in the venomotor activity of the reactive portion of the lateral saphenous vein. Blood temperatures were measured by means of CircvUtUm Rtntrcb, Vol. XXII, June 1968 738 WEBB-PEPLOE, SHEPHERD thermocouple transducers (Yellow Springs Instrument Company, Yellow Springs, Ohio) just upstream to the inflow cannula and in the aortic arch. In some experiments the temperatures of the femoral vein blood and the subcutaneous tissue immediately adjacent to the lateral saphenous vein at its point of entry into the popliteal fossa were also measured.
Bilateral Hindlimb Vein Perfusion.-The lateral saphenous veins of both hindlegs were perfused at constant flow (100 ml/mm) with blood from the median sacral artery using two roller pumps. The two heat exchangers were connected to separate water sources so that the temperature in one leg could be altered without affecting that in the other leg. Blood temperatures were measured just upstream to each inflow cannula and in the aortic arch. Esophageal temperature was also measured.
Ipstiateral Front and Hindlimb Vein Perfusions -The cephalic vein of the right front leg and the lateral saphenous vein of the right hindleg were perfused at constant flow. Perfusion and right femoral vein pressures were measured. Because arterial inflow to the front leg was not controlled, changes in cephalic vein perfusion pressure could not be ascribed solely to venomotor activity. This technique, however, enabled the front leg to be cooled while hindlimb temperature was maintained constant, and it was therefore possible to determine the effect of cooling the front leg on hindleg venomotor tone.
Lumbar Sympathectomy.-The lumbar sympathetic trunk was divided opposite the second or third lumbar vertebral body and dissected free down to the level of the sixth lumbar vertebral body. Donegan (1) , in cats, rabbits, and dogs, and Bancroft (3), in cats and rabbits, have demonstrated that tie sympathetic venomotor fibers to the hindlimb leave the spinal cord in the first to fourth lumbar nerves and that these fibers are found in the main sympathetic trunk from the third to the sixth lumbar ganglia. Our procedure should therefore have interrupted all venomotor fibers to the hindlimb that traverse the lumbar sympathetic trunk.
Lumbar Sympathetic Block by Cooling.-The lumbar sympathetic trunk was dissected free at the level of the fourth and fifth vertebral bodies and placed on a cooling device similar to the one described by Bjurstedt (4) . Alcohol cooled to between 0° and -5°C was circulated through the device to produce cold block; this was followed by water at 38°C to reverse the block.
Results
Temperature Conditions in the Vein.-By altering the temperature of the water flowing through the heat exchanger, it was possible to obtain rapid and reproducible changes in the temperature of the blood flowing into the vein. Figure 1 shows the relation between this inflow temperature and temperatures of the femoral vein and subcutaneous tissue at inflow temperatures of 17, 22, 27, 32, 37, and 42 °C immediately after start of constant flow perfusion of the lateral saphenous vein. In the anesthetized dog lying motionless and supine, when ambient temperature is 24° ± 3°C, the neutral temperature in the lateral saphenous vein (that is, the temperature at which the blood flowing through the vein neither loses nor gains heat) is between 33° and 34°C. At inflow temperatures much colder or warmer than this, a considerable difference existed between inflow and femoral vein temperatures. Examination of the temperature records from 29 experiments in seven dogs showed that in any one animal the temperature conditions in the vein (that is, temperatures of the femoral vein and subcutaneous tissue at any given inflow temperature) were reproducible to within 1°C.
Single HindUmb Vein Perfusion.-In four dogs the response of the lateral saphenous vein to change in temperature of the blood flowing through it was assessed in the following temperature sequence: 37, 42, 47, 37, 32, 27, 22, 17, and 37°C. Figure 2 shows the records from a typical experiment. In the intact animal warming caused venodilation (decrease in venous perfusion gradient), and cooling caused constriction (increase in venous perfusion gradient). After lumbar sympathectomy, the response was less. Subsequent alpha-receptor blockade with phe- 
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The blood perfusing the right saphenous vein was cooled from 40° to 22°C at the beginning of the record. This caused a definite increase in perfusion pressure (left-hand scale). Temporary block of the right lumbar sympathetic chain (by cooling and rewarming) caused a transient decrease in perfusion pressure. At the end of the experiment, the perfusate was warmed from 20° to 40°C, and the perfusion pressure returned to the control level. The tracing marked X is not relevant to this report.
noxybenzamine (1 mg/kg body weight) rendered the vein unresponsive to changing temperature of the perfusate.
To compare the relative effects of sympathectomy and of sympathectomy combined with alpha-receptor blockade on the venomotor responses to local changes in blood temperature in different animals, the following procedure was adopted. In each dog the perfusion gradient when venomotor tone was minimal (that is, at 47°C after sympathectomy combined with phenoxybenzamine) was subtracted from the maximal perfusion gradient obtained by local cooling in the intact animal. This was defined as the 100% response, and, in each dog, all the other responses were related to this (Fig. 3 ). The 100% responses in the four dogs were 85, 107, 69, and 26 mm Hg, respectively. Figure 3 also shows the average aortic blood temperatures at each venous inflow temperature; in any animal, similar central temperature changes occurred during the course of each experiment. Most of the change in venous tone occurred in the temperature range 27 to 42°C. After sympathectomy, the maximal response to cooling was reduced by approximately 603?. In three of the four animals, subsequent alpha-receptor blockade with phenoxybenzamine abolished nearly all the remaining 40% of the response; in the fourth animaL, the residual response after sympathectomy was substantially reduced.
In two other dogs, maximal constriction of the right lateral saphenous vein was induced by lowering the perfusion temperature to 22° C; impulses traveling in the right lumbar sympathetic chain at the level of the fourth and fifth lumbar vertebral bodies were then blocked by cooling the chain. Sympathetic block in this way reduced the venoconstrictor response by 64 and 62% in these two animals. The record from one of these experiments is shown in Figure 4 .
In another three dogs, ganglionic blockade using 100 mg of pentolinium tartrate (Ansolysen, Wyeth Lab. Inc., Philadelphia) given intravenously led to virtual absence of responses ( Fig. 5 ) to changes of temperature.
Bilateral Hindlimb Vein Perfusion.-Experiments were performed on eight dogs. Figure  6 is the record from one dog, but it shows results typical of all eight. At the start of the experiment, the saphenous veins of both hindlegs were perfused at 37°C and aortic blood temperature was also 37°C. Cold block of both lumbar sympathetic chains caused a decrease in perfusion gradient of 17 mm Hg on the right and 12 mm Hg on the left, indicating that at 37°C the veins of both legs possessed appreciable sympathetic tone. When the sympathetic block was reversed, the perfusion gradients reverted to their former values. The inflow temperature of the right leg was then lowered to 23°C, that on the left being maintained at 37°C. This caused a definite venoconstriction on the right, the perfusion gradient (inner scale on the left of the figure) rising initially from 46 to 150 mm Hg and subsequently stabilizing at 100 mm Hg; there was no immediate change on the left. Bilateral sympathetic block at this juncture lowered the right perfusion gradient by 60 mm Hg (control 17 mm Hg), and the left perfusion gradient by 23 mm Hg (control 12 mm Hg). Inevitably, over the course of the experiment, the central temperature (esophageal and aortic blood temperatures) slowly decreased, and with this, a slow venoconstriction developed in the left leg even though the local temperature in that leg had not changed; this was especially noticeable when the sympathetic block was reversed for the second time. When the right inflow temperature was restored to 37°C, the right vein relaxed and its perfusion gradient decreased from 130 to 52 mm Hg. Again there was no immediate change on the left, but as central temperature slowly rose (right side of figure) so the left vein also slowly relaxed. The left vein was then cooled instead of the right (not shown) with similar results. With the left vein cold, sympathetic block produced a decrease in perfusion gradient of 56 mm Hg on the left and 31 mm Hg on the right. The increased sympathetic tone in the right vein at this point, as compared to the beginning of the experiment even though its inflow temperature was the same, is explained by the fact that central temperature was now about 3°l ower. Finally, after the animal was rewarmed to a central temperature of 37°C, and Effect of pentobarbttal sodium anesthesia on the response of the lateral saphenous cein, as demonstrated by the change in perfusion gradient, in response to changes in temperature of the blood perfusing the vein. The increase in perfusion gradient with cooling is small, and lumbar sympathectomy has no consistent effect on the response. 
Effect of blocking both lumbar sympathetic chains (by local cooling) on the response of saphenous veins of a dog's right and left hindlimbs to changes in
Influence of systemic arterial pressure on the response of the right saphenous vein to changes in temperature of the blood perfusing the vein. The scale on the left refers to the temperature of the venous perfusate (initially 37° C in both panels); that on the right to aortic, left iliac artery (labeled "iliac artery perfusion"), and right saphenous vein perfusion pressures. Changes in perfusion pressure of the right saphenous vein reflect active changes in venous wall tension, since femoral vein pressure and blood flow through the vein were constant. Changes in perfusion pressure of the left iliac artery reflect changes in arterial resistance in the left hindlimb, since the artery was perfused at constant flow. Note that when the aortic pressure is low (left panel) there is almost no increase in pressure in the right saphenous vein (second tracing up from the base line) on cooling the venous perfusate from 37° to 21°C. By contrast, when the aortic pressure has been increased by dextran infusion (right panel), the right saphenous vein pressure is initially higher (third tracing up from the base line) and rises sharply in response
to a similar decrease in venous perfusate temperature. The tracing marked X is not relevant to this report.
with both leg temperatures also at 37°, sympathetic block produced decreases in perfusion gradients of 13 mm Hg on the right and 15 mm Hg on the left; these figures were similar to the 17 and 12 mm Hg obtained at the start of the experiment. Ipsilateral Front and Hindleg Vein Perfusions.-In two dogs, cooling the blood flowing into the front leg caused an immediate rise in perfusion pressure of the cephalic vein, but no immediate response in the hindleg where temperature was maintained constant. Similarly, on cooling the hindleg but not the front leg, there was immediate constriction of the saphenous vein but no change in perfusion pressure of the cephalic vein.
During these and other experiments, it became obvious that the response of the superficial veins of the leg to local and central changes in blood temperature was sensitive to a number of influences.
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Anesthetic Agents.- Figure 7 presents the effect of local changes in temperature on venomotor tone in four dogs anesthetized with pentobarbital sodium. Comparison with the experiments shown in Figure 3 , which were performed under chloralose anesthesia, reveals the following differences. The maximal increase in perfusion gradient produced by cooling averaged 18 mm Hg with pentobarbital, and 72 mm Hg with chloralose. Lumbar sympathectomy had no consistent effect on the venous response to temperature in the four dogs anesthetized with pentobarbital, whereas in the four animals anesthetized with chloralose the response was reduced by about 60*. It is thus evident that pentobarbital inhibits the contribution of the nerve fibers running in the lumbar sympathetic trunk to the constrictor response to cooling. Even with thiopental and chloralose it was not uncommon to find that the normal rapid and power- ful response to cooling was only obtained 1 to 2 hours after administration of the drugs.
Hypotension.-On three separate occasions in three dogs, moderate degrees of hypotension (systolic pressures of 90 to 110 mm Hg) were found to impair the venoconstrictor response to cooling. Figure 8 shows the low resting venous tone and sluggish venoconstrictor response to cold in one of these animals with an aortic pressure of 100/50 mm Hg. When the aortic pressure had been raised over a period of 10 minutes to 170/120 mm Hg by infusion of dextran of low molecular weight (Rheomacrodex Pharmacia Fine Chemicals, New York), the resting tone in the vein was higher, and the same cold stimulus produced rapid and powerful venoconstriction. It is of interest that this rise in aortic pressure from 100/50 to 170/120 mm Hg, which had such a profound effect on the tone in the saphenous vein of one hindlimb, did not cause much change in the arterial resistance of the other hindlimb, as judged by alterations in perfusion pressure of the common iliac artery perfused at constant flow.
Hypoxia.-With bilateral hindlimb vein perfusion, the effect of hypoxia (produced by ventilating the animal with 5% O 2 -953S N 2 ) was investigated in five dogs. Similar results were obtained in all five; a typical record is shown in Figure 9 . With the temperature of both leg veins near 40°C, hypoxia abolished the tone in both lateral saphenous veins; the perfusion gradients decreased to the same level as was achieved by warming of the perfusing blood to 45° C. In the five animals the venodilation induced by anoxia began to occur at an arterial Po 2 of between 40 and 50 mm Hg.
Discussion
The results of the experiments in which the single hindlimb vein was perfused indicated that the superficial part of the dog's lateral saphenous vein was highly responsive to changes in temperature of the blood flowing through it: cooling caused constriction and warming led to relaxation. In three of the four animals the maximal venoconstrictor response to cooling was equal to that obtainable by electric stimulation of the lumbar sympathetic trunk at the level of the fourth or fifth vertebral bodies with shock frequencies of 8 to 10 cycles/sec at a vein temperature of 37°C (2) . In the fourth animal it was somewhat less. In all four animals, most of the change in venous tone occurred in the temperature range of 27° to 42°C. Bazett and co-workers (5) have shown that at an environmental temperature of 4°C the blood temperature in the human radial artery can decrease Circulation Ristmcb, Vol. XXII, Jtme 1968 to as low as 25.1 °C and in an elbow vein as low as 27.8°C. It seems likely, therefore, that under cold environmental conditions the blood temperature of the dog's lateral saphenous vein may well fall as low as 20° to 25°C. Adolph (6) found that, in dogs exposed to extremes of heat, the upper limit of rectal temperature for survival was 41.7°C. Muscle temperatures as high as 40°C have been recorded in the quadriceps muscles of humans performing exercise at a work load corresponding to 70% of the maximal oxygen uptake in an environmental temperature of 19° to 22°C (7) . It seems likely, therefore, that during heavy exercise in a hot environment the peripheral venous blood temperature may rise as high as or higher than this.
In the four dogs that underwent right lumbar sympathectomy, and in the two dogs whose right sympathetic chain was blocked by cold at the level of the fourth and fifth vertebral bodies, the maximal venoconstrictor response to cooling was reduced by approximately 60%. The remaining 40% was largely abolished by alpha-receptor blockade with phenoxybenzamine. In three other dogs the temperature responses were abolished by ganglionic blockade using pentolinium tartrate. These results were interpreted as indicating that (1) nearly all the venoconstrictor response to cold is dependent on the integrity of the sympathetic nerve supply to the vein, and (2) lumbar sympathectomy or lumbar sympathetic block interrupts only about 60% of this nerve supply. The experiments did not indicate whether the change in perfusate temperature modified the response of the venous smooth muscle to a preexisting level of sympathetic nerve discharge or whether a reflex increase in the level of sympathetic discharge to the vein caused the venoconstriction in response to cold.
In no case did the dilation seen on warming to perfusion temperatures as high as 47°C exceed that after alpha-receptor or ganglionic blockade. There was, therefore, no evidence of "active" vasodilation on warming, since the dilation seen on raising the temperature of the perfusate could be accounted for solely CiratUtioK R,s,*cb, Vol. XXII, /«« 1968 by "release" or "neutralization" of sympathetic adrenergic tone.
The double perfusion experiments (bilateral hindlimb and ipsilateral front and hindleg) demonstrated that the powerful venoconstriction caused by local cooling was confined to the leg being cooled, with no immediate response in the other leg in which temperature was maintained at 37°C. The results of cold block of the lumbar sympathetic trunks during unilateral hindlimb cooling (Fig. 7) demonstrated that the powerful venoconstrictor response localized to the cold leg was dependent on the integrity of the autonomic nervous system.
These experiments also showed that a decrease in central temperature could cause venoconstriction even though local temperature in the leg had not changed; this response was similarly dependent on an intact autonomic nerve supply to the vein. No firm conclusions could, however, be drawn as to the precise interrelation of the effects of local and central temperature changes.
From these results it was concluded that constriction of the superficial limb veins could be initiated both by central cooling (resulting in a generalized venoconstriction) and by local cooling (resulting in a significant venoconstriction confined to the limb being cooled). These data confirm and extend the early observations of Donegan (1), who stated that the superficial veins returning blood from the skin do not react in the usual vascular reflexes but that they probably take part in temperature reflexes. He had noticed in some animals that removal of the skin over the superficial veins caused intense constriction of these vessels that was reversed if they were covered with the skin or a warm pad, only to recur if the skin or pad was again removed. This constriction was abolished when the local nerve (anterior crural nerve in the case of the medial saphenous vein) was cut. The constriction produced by uncovering the vein was a local phenomenon, the veins of the other leg being unaffected. Donegan also noted that in some cats with severe shivering, the shivering fits were accompanied by leg vein contraction, which was reversed by warming the animaL This change could occur when the vein was rather insensitive to covering and uncovering. These early observations, which suggested that both local and central mechanisms were involved in the response of the superficial vein to changes in temperature, and that the response was a nervous one, appear to have been largely overlooked, perhaps due to the susceptibility of the whole system to such factors as anesthetic agents, hypoxia, and hypotension.
Skin temperature (and therefore heat loss from the skin) is generally interpreted in terms of resistance vessel reactivity. Goetz (8) , however, demonstrated that even slight elevation of a normal human limb greatly modified the response of the skin temperature to general body heating: the skin temperature failed to reach the normal vasodilation level. Plethysmographic studies indicated that this was not due to a change in arterial pressure or local blood flow but to decreased venous dilation.
Not only does constriction of the superficial limb veins reduce heat loss from the skin by reducing venous surface area and increasing the linear flow velocity of the blood in these vessels, but there is evidence that such constriction also acts in another way to reduce heat loss from the limb. Claude Bernard (9) was the first to point out that whenever a peripheral artery flows alongside a vein there is likely to be a heat gradient between them, and a transfer of heat from artery to vein. Such a countercurrent system creates a thermal short circuit, which carries some of the arterial heat back into the body before it reaches the periphery. Bazett and co-workers (5), who mapped out by intravascular measurements the longitudinal temperature gradients in the large arteries of the human arm and leg, demonstrated that part of the arterial gradient was caused by the transfer of heat to the venae comitantes. They also pointed out the importance that such a countercurrent-exchange system would have in temperature regulation if the venous blood could be directed preferentially either through the venae comitantes or through the superficial veins affecting a preservation of heat in the first instance and a dissipation of heat in the second. The finding that the superficial portion of the lateral saphenous vein is capable of offering sufficient resistance to constant flow to generate perfusion pressures of 150 mm Hg or more in response to cold indicates that such veins may have an important part in directing venous flow through the venae comitantes when the need for heat preservation arises.
